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Abstract

‘We propose to develop a two-dimensional reduced-order reconstruction, simulation and injection
strategy to model resin injection repair which is scalable and practical for use with available equip-
ment. The proposed method involves reconstructing a damaged composite laminate using ultrasonic
C-scans to determine the damage zone geometry and porosity. The damage zone permeability is cal-
culated via semi-empirical constitutive equations, and used as input data for the CFD simulation

of a resin injection process through the composite. The ultimate aim is to guide repair operators

by identifying suitable injection configurations in order to improve cavity filling and thus repair ef-
ficiency. After establishing the methodology basis, we verify simulations through comparison to a
proposed and analytically solved problem. Validation results show a 70+% simulation accuracy. Fi-
nally, we create a case study where cavity filling is improved by applying knowledge of the damage
zone. This method’s ability to predict filling efficacy offers a viable, quantitative and more consistent

alternative to existing intuition-based practices for resin injection repair.
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1. Introduction

The use of composite materials is growing and, in particular, larger and more complex resin-infused
composite structures are becoming ubiquitous in a variety of industries, such as aerospace, automo-
tive, and wind energy to name but a few. The constituent material and architecture of these com-
posites often leads to highly complex damage mechanisms after impact [1] that make their repair
challenging and costly. There is a range of repair methods that are efficient and reliable in restor-
ing the mechanical properties of composite structures such as fastening methods and bond scarf and
patching repairs [2]. These methods are highly invasive requiring either the drilling of holes for fas-
tening additional material which produces an undesirable stress concentration around the holes [3],
or the removal of material and surface preparation for adhesive bonding. Bonded repair methods,
scarf bond in particular, are arguably the most effective and reliable in restoring mechanical strength
[4], but can be costly in time, material, equipment and require skilled labour [5, 6]. Resin injection
repair (RIR) is an alternative, less invasive, repair method that involves drilling venting and porting
holes to inject a curing resin in the damaged zone [2, 7, 8]. A schematic of a representative RIR set
up is shown in Figure 1.

Compared to traditional composite repair methods, RIR can be more cost effective and faster to
apply on site with or without vacuum support [2, 9]. RIR is particularly suited for repair of dam-
aged components that will not be subject to tensile loads [8, 9] and can achieve high repair effec-
tiveness in restoring compression-load strength [10, 11, 12]. For example, compression after impact
(CAI) strength recoveries of 71-114% have been reported by Moghe et al. [11] using epoxy resin on
impacted CF-Epoxy composites, and of 76-103% by Thunga et al. [12] using BECy (Bisphenol E
Cyanate ester) resins to repair damaged bismaleimide (BMI)-CF composites.

Current RIR practices are based on basic guidelines, intuition, and/or trial-and-error experience
[13]. To improve them we need to address some of their limitations. The first step in any repair
method is to detect the presence of damage and its extent. This can be achieved through a vari-

ety of methods, including simple visual or auditory inspection, but of interest to RIR is the use of
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non-destructive testing (NDT) techniques, such as ultrasound and thermography, that identify the
geometry and severity of the damage [14]. An assessment of the extent and severity of the damage
and of the mechanical properties required to repair it determines if RIR is the right repair method
[9, 11, 15].

Once RIR is adopted, holes to inject the resin into the cavity and vent it must be drilled into the
composite in a manner that causes minimal structural damage [16]. A RIR strategy will define a set
of parameters, namely the number of injection and vent holes, and their locations, depth and sizes,
as well as the injection pressure. These parameters are often selected using basic rules-of-thumb
rather than a rigorous strategy [9, 17, 18]. This may lead to noticeable differences in the effective-
ness of RIR [12, 19]. This highlights the importance of parameter selection in repair configurations
and their impact on the effectiveness of the RIR procedure. Furthermore, there are no other mod-
els for investigating composite RIR; the closest model are composites manufacturing models that
use constant porosity such as for RTM [20], and small-scale 3D or 2D models of self-healing compos-
ites [21]. To address these issues, we propose the use of a digital reconstruction to simulate the RIR
process and to assess its efficacy, with the ultimate aim of allowing end users to achieve optimal re-
pair efficiencies in practical applications. In this paper, we first provide an overview of the approach
and describe the main assumptions underpinning the proposed reduced-order model of RIR. The
governing equations and their associated physical parameters, properties and conditions of the flow
simulation are then described in more detail. A representative benchmark with an analytical solu-
tion, utilised for verifying the numerical simulation, is proposed as a contribution of this paper. The
process for reconstructing the geometry of the damage zone and its permeability is then documented
before applying the method to two given repair cases of impact-damaged panel specimens to under-
take validation testing. We also undertake a case study where we make use of the proposed method-
ology to improve the predicted filling efficiency. Finally, the main outcomes of the investigation are

presented and the suitability of the methodology for practical applications is discussed.
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2. Proposed Reduced-Order Methodology

Finding an optimal or near-optimal repair configuration in practice is difficult for repair opera-
tors because the geometry and characteristics of damaged zones are both intricate and intrinsically
different from case to case. This is the main reason why current RIR procedures are based on ba-
sic guidelines, intuition or operator experience obtained by trial-and-error. These guidelines involve,
but are not limited to, placing one inlet centred on the damage and multiple outlets placed evenly
spaced around the periphery of the damage zone. The availability of computational techniques for
simulating of a “virtual injection” process offers the possibility of using them to guide the operator
in the search for porting and venting configurations leading to increased cavity filling efficacy or, by
combining simulations with optimal control, to automatically find optimal configurations.

Since high-fidelity three-dimensional (3D) simulations of the virtual injection process are imprac-
tical because their high cost and their reliance on high-resolution scanning equipment, such as CT
scanners, we advocate the use of a more cost effective reduced-order model. The model assimilates
the damaged cavity to a two-dimensional (2D) porous medium characterised by a depth-averaged
porosity field that can be reconstructed using simpler, and more accessible, scanning methods such
as ultrasound. Furthermore, reducing the dimensions of the problem to two significantly reduces the
computational cost.

On that account, we propose a reconstruction-simulation-injection strategy to RIR. More pre-
cisely, we propose a methodology that first creates a 2D reconstruction of a damaged composite
through ultrasonic testing. The reconstructed geometry is assumed to have a porous damage zone,
with porosity determined by thickness changes due to damage. The porosity is linked to flow proper-
ties by means of a constitutive equation, allowing for computational simulations of resin flow through
this damage area. The aim of this strategy is to provide repair operators with a cost-effective way
to carry out RIR by analysing alternative configurations, assessing the suitability of the adopted
porting and venting locations, and calculating estimates of their filling efficiency. The availability

of such estimates, if accurate, could ultimately allow non-specialised operators to find optimal or
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near-optimal repair configurations [9, 11, 18].
The proposed modelling assumes that the thickness of the composite panel is small compared
with the other dimensions and that the damage zone to be injected with resin behaves like a porous

material. The key steps of the proposed approach are:

1. The injection process is modelled as a two-dimensional (2D) flow through porous material gov-
erned by Darcy’s equation.

2. The permeability of the material is calculated from the porosity through a semi-empirical rela-
tion.

3. C-scan measurements are used to determine the geometry of the damaged area, and to calcu-
late the porosity from the thickness distribution of the composite panel.

4. The resin flow is simulated via the numerical solution of Darcy’s equation of two-phase flow of
resin and air.

5. The flow simulation predicts the fill ratio of the damaged area given the injection flow rate and

the position of the porting and venting holes.

The methodology proposed is a proof-of-concept for predicting the effectiveness of injection config-
urations in a given repair process. It is verified against an analytical solution of the axisymmetric
Darcy’s equation, and is also validated using two experimental impact damage and subsequent re-

pair scenarios.

3. Modelling of the RIR process as a 2D flow through a porous medium

This section presents the governing equations of the model as well as the choices for its parame-
ters. We assimilate the flow of resin within a damaged composite panel to that of the flow of a fluid
through an isotropic porous media. Given that the thickness of the panel is much smaller than the
other dimensions, we adopt a two-dimensional model of the flow in terms of the thickness-averaged

values of the flow variables and characteristic parameters. Inertial effects are neglected as the flow is
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expected to be slow and dominated by viscosity (Re < 1). We assume the resin to behave as a New-
tonian fluid thus neglecting viscoelastic effects, which is reasonable if the duration of the resin flow is
shorter than the resin gel-time. Capillarity is also ignored as it is accounted for as part of porosity.
Furthermore, gravity is ignored as the cavity network is thin and so gravitational effects are negligi-

ble especially in comparison to viscous effects.

3.1. Governing equation: 2D Darcy’s Law

The flow within a porous material where inertial, gravity and capillary effects are negligible is

governed by the following form of Darcy’s law [22]
k

where q is the fluid flux, ¢ is the porosity, u is the resin velocity, k is the permeability, P is the
pressure and p is the fluid viscosity. In the case of the assumptions taken in this paper, the perme-

ability matrix is assumed to be isotropic and a function of the porosity, ¢, namely
k = k(o)1 (2)

where I is the identity matrix, and k(¢) is the permeability modulus. The porosity values are ob-
tained from measurements of the thickness field, for which the method is described later in Section
5. The permeability values are obtained by using a permeability-porosity relation, discussed in Sec-

tion 3.2 that follows.

3.2. Constitutive Relations k(o)

To proceed, we need to establish a constitutive relationship between the permeability of the ma-
terial with its apparent porosity. There are a number of semi-empirical equations that can be adapted
to characterize the damage zone as a porous material. Here we will focus on three approaches that
have been previously proposed as typically representative of composites: the Kozeny-Carman (KC)

equation [23], the formulation of Bruschke and Advani [24] and Gebart’s formulas [25].
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The Kozeny-Carman permability-porosity relation, widely used in groundwater flow literature

[23], is given by
¢3

3)

where ( is a parameter that depends on the geometry of the porous material. This parameter can be
obtained through knowledge of the constituent morphology, or through experiments.

The constitutive equation of Bruschke and Advani (BA) [24] was derived specifically for resin
transfer moulding simulations. It is based on lubrication theory and describes the permeability of
flow across an array of aligned circular cylindrical with parameters that depend on the arrangement
of the fibres (i.e. fibre packing). The equation is

I AEY] R
R2 (1 _ 12)2 tan 17 l2 b 2

_ b 5
k(d)) - 1 la 3l /—1 — l2 + 2 )

2=c(1-9) (4)

and relates k£ to the characteristic fibre radius R and parameters a, b, ¢; and co which depend on
packing. The pertinent values are shown in [24].

Gebart’s approach [25] derives permeability of parallel flow, &y, along cylindrical fibres by as-
suming that the majority of the flow resistance comes from the narrow gaps between the fibres; the
equation is nearly identical to Equation (3), but 8 = 8R2/c, which makes it a function of R and a
dimensionless shape factor ¢ that depends both on the fibre packing and porosity. The perpendicular
flow permeability, &k, is derived by using a “representative cell” method; the equation relates k) to

R and ¢;. The perpendicular permeability is:

e [\
kl_1R< Ty 1) (5)

The parameter values used by Gebart for flow in both directions are detailed in [25].

It is important to note that all constitutive equations are also a function of the geometry scale as
well as the geometry structure, either directly as with the g term in the KC equation, or indirectly,
through geometry assumptions that affect the final equation form as with the other relations men-

tioned here.
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3.3. Comparing Permeability-Porosity Constitutive Relations

Since the porosity-permeability constitutive relation is a principal component to the proposed
reduced-order methodology, the simulations of the injection process will depend on the selection of
constitutive equation. As we do not have direct data on the permeability, k, of the damaged zone to
validate these constitutive equations against our measurements of porosity, in this section we select
the constitutive equation to use based on its structure.

As the Bruschke-Advani and perpendicular Gebart equations have a non-zero minimum porosity,
®min, value (kg — 00), these curves do not cover the whole range of [0, 1) porosities. To enforce

this, we use the transformation

_ ¢ — ¢min
1- d)min

¢" (6)
where ¢* is a ‘modified’ porosity that extends to the whole range, i.e. ¢* € [0,1). The modified
curves are shown in Figure 2. After applying these transformations, all of the equations show signif-
icant similarities in that they are doubly asymptotic (as ¢* — 0 and ¢* — 1) and are monotonic
functions with gradients that are lower closer to ¢* = 0.5 than towards ¢* = 0 and ¢* = 1. The
functions’ parameters can be calibrated to a case by using experimental data; and the equations’
structural similarity implies the overall permeability distribution will be very similar, with relatively
small variations in magnitude. As the KC equation uses a single parameter § that accounts for the
morphology of the problem and uses fewer and more general assumptions, we will use the KC Equa-
tion (3) to obtain permeability. Although it is possible that 3 could be a function of many things
such as the impact energy, how it is applied, the thickness, size and composition of the composite
material, we are not assessing the variation of 5 with respect to these variables and so will assume
for our purposes that § is a constant value in our validation study in Section 6.6 and this value is to

be obtained through calibrating the simulation with an experimental result as will be discussed in

Section 6.5.
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4. Model Verification

This section proposes and describes a verification benchmark that is representative of the two-
dimensional two-phase flow simulations to be carried out to model the RIR process. The analytical
solution to the problem is derived in Appendix A and is compared here with the numerical simula-
tion in order to verify the proposed methodology.

All simulations were performed using Simcenter STAR-CCM+ (Version 2020.2, Build 15.04.008).
A two-dimensional, two-phase flow model is employed, comprising of a liquid (flowing resin) and an
ideal gas (air), simulated using the segregated isothermal solver. The numerical treatment of the
gas-liquid interface was made robust by applying an interface momentum dissipation model with an
artificial interface viscosity setting of 25. The timestep used is 0.1 ms.

The benchmark proposed here is an axi-symmetric injection of resin into a cylindrical cavity con-
taining air. A schematic of the geometry of the domain and a depiction of the initial conditions are
shown in Figure 3. The boundary conditions employed in the simulation, together with the compu-
tational domain, are shown in Figure 4. The temperature is assumed to be constant throughout the
simulation and set at 300 K, the resin and air viscosities are y; = 150 mPa s and p, = 0.01855
mPa s, respectively, and their corresponding densities are p; = 1200 kg m—2 and pg = 1.18 kg m=3.
The properties of air is selected based on publicly available datasheets. The density of the resin is
selected based on public datasheets of various epoxy resins, while the viscosity of the resin is selected
from datasheets by assuming a processing temperature between 40-60°C. To complete the notation,
Tin is the radius of the inlet, r¢(¢) is the location of the flow front at time ¢, 7, is the radial location
of the end wall, P;,; is the injection pressure, and P,(t) is the air pressure at time .

The analytical solution to this (quasi-steady) one-dimensional two-phase flow verification problem

starts from the axi-symmetric form of Darcy’s law

k dp

pup = Tdr ()

where u), is the velocity and r is the radial coordinate. The pressure is continuous at the gas-liquid
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interface since we are neglecting capillary forces. For a constant density flow, conservation mass

leads to a velocity

Up,inTin
: ®)

up(r) =
where uy, 4, and r;, are the inlet values. Furthermore, the isothermal compression of air, as an ideal
gas, means that PV = cons. where V is the volume of air.
Denoting a dimensionless location of the flow front (which is a function of time) by ((t) = rs(t)/rw,
and ignoring gas losses, the pressure varies only throughout the liquid phase (due to Equation (A.1)),

which is rearranged into its integral form with Equation (A.2) applied (with u, i, and 7, as the in-

let values), solved and non-dimensionalised upon applying Equation (A.3)

/&dP:,MWme/”lm
Pinj k P

in

k

in = (Pinj — P))— .
Up.in ( nd g) ¢MlT27L1n(S<(t)) ( )

- L 1- C(O)z) 1

Tpin(C() = ——— (P = P,(0
pin(C(1)) @2 (Pinj — B,(0)) ( J o )1 —¢(t)? ) In(S¢(¢))
where S = 1y, /rin and Up ;n is a non-dimensional inlet velocity defined as

Hi (10)

Upin =Upin— 5 5 7y
p,in p,in ""Z,n (PL,'L] _ Pg (O))

Upon applying the provided parameters, initial and boundary conditions, the analysis detailed in
Appendix A leads to an equation describing the inlet velocity as

103

TUp,in(C) = (30 C(1))

1
(2,254 — 1.4961*74(15)2) (11)

and an implicit equation for the flow front trajectory, ((¢), given by

t =0.196 Lip(2.97¢%) — 0.392 1n(2.97¢% — 1) In(30¢)
(12)
—2.98 x 10%¢%(2 In(30¢) — 1) — (0.313 — 0.8544)
where Lis is the dilogarithm function (see equation (A.11)). Since ¢ in this expression is a complex

number, the physical time is given by its real component.

Figure 5 compares the simulated and analytical curves representing the inlet velocity , ;,(¢) and

10
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the flow front position, ¢(¢). A mesh convergence study is also shown in Figure 5b. The comparison
shows excellent agreement of the analytical solution with the mesh-converged simulation.

Note that the flow front radius does not exceed 60% of the outer domain radius (indicating a fill
ratio of < 36%) as the air is being compressed and resisting flow front expansion; this demonstrates
the importance of using vacuum for RIR. In fact, if we consider this simulation as a resin injection
case with only one injection port, this shows that the minimum fill ratio achieved by an injection is

related to the vacuum to injection pressure ratio.

5. 2D Reconstruction from C-scans

This section explains how the reconstruction of the boundary of the damaged area and the evalu-
ation of the spatial distribution of porosity, i.e. the porosity map, was accomplished. We describe
how porosity is evaluated through C-scans first, followed by the main sources of information. Next,
we detail the material and equipment used. Finally, we describe the data processing strategy and

then the steps used to convert the raw information into a usable porosity map.

5.1. Porosity Fvaluation

This section describes how to obtain the geometry of the damaged zone and its porosity in the con-
text of a real case: a damaged specimen to be scanned. Then a realistically evaluable method is de-
fined for obtaining the geometric information required by the permeability constitutive equations.
Porosity by definition is the ratio of a volume that is a void, or not of a solid substance. For this
2D model, we take the ‘representative’ porosity at a location on a composite specimen to be as the
ratio of the void thickness to the total thickness. Porosity values are different for a specimen prior
to, and after, damage has been received. The key point of our method to determine porosity works
by detecting damage along a specific depth in the composite in layers, and any the thickness of any
layer(s) that detect damage is taken to be voids. The processing details are explained in Section 5.4,

but this means that our model does not measure thickness directly but rather estimates it in order

11
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to seek an approximate calculation of ‘effective’ porosity created through voids that would allow for
resin flow.

There are two key assumptions prior to evaluating the porosity. The first is that undamaged com-
posites have 0% porosity prior to damage as structural composites are produced with minimal voids
and any existing voids are negligible, at least in comparison to the amount that is introduced due to
damage. The second is that there is no significant loss of composite material due to damage; as such
this evaluation will not be accurate in cases such as those of heavy impact damage or perforation
where significant material is lost around the impact zone or behind the impacted surface.

The assumption of material conservation is essentially that the amount of composite material re-

mains the same along the thickness, T', prior to and after damage

(1 - d);m“e)Tpre = (1 — d’post)Tpost (13)

where the subscripts pre and post indicate pre-damage and post-damage states, respectively. Rear-
ranging Equation (13) along with applying the initial 0% porosity assumption provides us with the

equation that defines the post-damage porosity as:

T,
=1-F 14
prost Tpost ( )
The post-damage thickness is defined as
m
Tpost = Tpre + Z Tvoid,L (15)
L=1

where the void thickness Ty444,1,, 0f each layer L out of m total layers that scans the inside of the

composite, is assumed as the depth range of scan layer when detecting damage, and zero when not.

5.2. Data Sourcing

In order to simulate a realistic case, the data of a real composite specimen has to be obtained.
The pre-damage thickness field is obtained here by utilising the knowledge of the specifications of
the designed composite structure; depending on the design, this field may be a constant value (within

a tolerance value) or may vary. Ultrasonic C-scan testing is used on the front (impacted) face of the

12
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specimen and the C-scan data is then put through processing in order to obtain the post-damage
thickness field, which is discussed in Section 5.4. Following this, the porosity is obtained as discussed

earlier in Section 5.1.

5.8. Material Sourcing

The two composite specimens used as an example case in this study were created using an IM7/ HeXPly®

8552 fibre / resin composite composed of 32 laminae of [45/0/-45/90]45 layup each being 0.131 mm
thick for a total thickness of 4.19 mm, with planar dimensions of 150 mm by 100 mm. The specific
count of plies and sequence of quasi-isotropic layup is suggested by the ASTM D7136 / D7136M-
15 impact test standard. A quasi-isotropic layup is used (as opposed to cross-ply) as it provides
strength and stiffness regardless of the direction in which the material is loaded; a damaging impact
event can occur at various angles on a composite structure.

The damage was applied to both panels aceording to the ASTM D7136 / D7136M-15 impact
test standard with an impact energy of 24 +1 J; we label these panels ‘Panel 1’ and ‘Panel 2’. The
ultrasonic C-scan testing of the panels is conducted using a Triton 1700TT ultrasonic immersion
tank connected to a computer equipped with data acquisition software and a Technisonics immer-
sion probe. The probe is 30 mm long with a diameter of 0.375” (9.5 mm) and operates at a 10 MHz

scanning frequency.

5.4. Data processing

The raw A-scan data obtained from the ultrasonic immersion tank is initially processed in the na-
tive scanning application into a C-scan mainly through using processing parameters such as signal
amplitude threshold for identifying surfaces. We use 7 signal gates with their own threshold values
to extract surface signals from noise, creating 7 C-scan datasets per scan with one used for the ex-
ternal front (scanned) face and the other 6 used to seek internal damage surfaces within a certain,
mutually exclusive, depth range. The selection of the threshold value is important, discussed later in

Section 6.4.

13
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The C-scan data is further processed in order to provide a usable porosity field. Information re-
garding the specimen size, scan parameters (such as the size of the scan pixels in mm etc.) and the
processing parameters are required. New datasets are produced by first omitting the background
data. After this, the specimen scan images are corrected for in-plane rotation (and orientation).
Once this is done, the void thickness is calculated by using the damage signals obtained from the
C-scan’s 6 internal gate datasets. For each pixel, the void thickness is as described in Section 5.1, for
each gate it is the depth range of the signal gate that identifies damage, and zero for any gate that
does not.

Once the void thicknesses are obtained, the values must be scaled to represent the correct dis-
tance between the ultrasonic probe and the specimen surface. The scaling applied is simply the ratio
of the actual undamaged thickness of the specimen (which is known) to the apparent thickness ob-
served from the C-scan. The post-damage thickness is simply the sum of all the void thicknesses and
the pre-damage thickness, accounting for any scaling errors/calibration while assuming that the un-
scanned thicknesses (not assessed by gates) have no damage, i.e. 0% porosity. This is then used to
calculate the porosity obtained through Equation (14) provided in Section 5.1.

After obtaining the porosity there could be points or regions with negative porosity values (pos-
sibly due to the corrections applied in previous steps or errors in scanning), this is adjusted for by
setting them to zero. Finally, if there are still notable artefacts around and outside the damage zone
(where there could be significant non-zero porosity values), such disconnected zones that contain
fewer than a small number of cells (less than 100-1000 cells) are excluded from the simulation; such

a filtering would be applied regardless in an effort to streamline the simulation.

6. Application of the Reduced-Order Methodology

Here the proposed methodology is applied to realistic cases of damaged composite specimens de-
scribed previously in Section 5.3. The porosity field reconstructions of the two panels are presented.

Then, the repair process undertaken for the two panels is described. Following this, we explain how

14



265

270

275

280

285

we assess the simulation results for practical use and for validation purposes, and subsequently we
describe how both the scan threshold and the  parameter is selected and calibrated. Next, the
prior set-up is used to validate the proposed process against the two panels. Finally, the methodol-
ogy is used to examine a case study with the aim of applying information deduced from reconstruc-

tion and prior results, with the intent to improve the predicted fill efficiency.

6.1. Damage Zone Porosity Field Reconstruction

The post-processing of the C-scan (described in Section 5.4) results in the porosity maps shown
in Figure 6. These porosity maps are used with the KC equation to provide the permeability fields,
shown in Figures 7a and 7b. Note that the grey region shown near the centre of impact indicates the
region is effectively impervious, even if damage exists. The resulting computational domain used in
the STAR-CCM+ simulations is shown in green in Figures 7c and 7d, also showing in cream colour
the regions that have not been included in the computational domain either as they are too small or
suspected to be artefacts. The injection configuration of the real repairs (described in Section 6.2) is

also shown in red and blue, indicating injection and vent ports respectively.

6.2. Injection Ezrperiments

In order to demonstrate the proposed process, we undertake RIR on the two panels described in
Section 5.3 upon which we will conduct validation tests. The injection configurations are shown in
Figures 7c and 7d in the previous section, which also shows the simulation domain geometry. The 1
bar pressure difference used in the injection from using a vacuum pump is achieved in a few seconds
and is maintained for 8 minutes. In both cases, there were 6 injection ports and 3 outlets vents that
were grouped to either side with one injection port at the impact point in the center of the panel,
and all other holes being angularly equidistant (45°) with radial distances not necessarily equal. Use
of multiple injection ports and such grouping of holes is selected as preliminary observations of ex-
periments using the central hole as inlet and all other (periphery) holes as outlets — as per ‘tradi-

tional’ guidelines — showed ineffective resin filling, while this configuration showed much greater infil-

15



290

295

300

tration.

6.3. Assessing the Simulation Accuracy Index

In order to compare the simulation results to the experimental results, we must be able to com-
pare regions where the damage zone has been filled. We define a quantity of interest called the sim-
ulation accuracy index, Sgc., by assigning a weighted accuracy value to each cell numbered ¢, in a

simulation domain containing n cells, which is then averaged out according to their weights w;

Sacc = sz(l - |fe:cp,i - fsim,iD / Zwl (16)
=1 =1

1=

where feyp i and fem,; are the resin volume fractions of each cell ¢ according to experimental and
simulation results, respectively. Meanwhile, w; is simply the void volume of each cell, w; = Tyoidi Sc,i
where T4, is the void thickness at cell i and s.; is the surface area of cell i. The quantity of inter-

est for practical use, the fill efficiency F', is defined as

F:Zwif,-/ " ()
i=1 i=1
which will also be compared case-by-case for validation. A high S,.. means the filling pattern as well

as fill ratios, F, as obtained from experiments and simulation (F.;p, and Fg;p,, respectively) are simi-

lar as S, is a stricter criteria for validation than F'.

6.4. Selecting Scan Threshold

The scan threshold is primarily used to eliminate noise from the scan, thus to completely remove
noise we used threshold values that are a percentage above a noise baseline threshold (or NBT)
where noise appears in less than approximately 5% of the undamaged areas of the composite. How-
ever, many characteristics of the outputted scan and subsequent simulation results are sensitive to
the threshold which is itself a function of the scanning technique. Therefore, we select a threshold
value for all scans (as the same technique and equipment is used) where the scan is least sensitive to
the threshold. We define ‘sensitivity’ of a dependent variable y to an independent variable z is taken

to be %%, the proportional rate of change of y against z.
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A damaged specimen was used to study these variables in order to select the threshold value
which is then used for subsequent scans and simulations. The primary quantity of interest tested to
select for is the simulation accuracy index, while the supporting quantity is the experiment derived
fill efficiency. Upon simulating the repair scenarios using threshold values between 40-325% above
NBT, S, ranging between 61-71% were recorded, and that the simulation accuracy index is least
sensitive to changes in threshold values around 150-225% above NBT; we selected 200% above NBT
to be used in the following simulations as it is the sample point with the lowest sensitivity value
while having a flat curve. The experimental fill efficiency and its sensitivity curves shows similar
behaviour and thus supports our selected threshold value. We did not select 225% above NBT de-
spite the lower sensitivity magnitude for both values as the sensitivity curves show instability start-

ing around 225% above NBT and are thus unreliable.

6.5. Calibrating Beta § and Permeability Field

As we assume [ is constant as mentioned in Section 3.3, we select one panel repair case to cali-
brate § such that the value used in the simulation, provides the highest simulation accuracy index
(or first peak) at the (earliest possible) injection end time. This ensures the simulation fill ratio rep-
resents the experimental results as faithfully as possible while ensuring the real and calibrated per-
meability magnitude of the damage zone are approximately equal, providing relatively accurate infil-
tration timings. We present the variation of simulation end state fill efficiency with 8 in Figure 9a.
The value of 3 is inversely proportional to how fast the simulated injection progresses with respect
to time — with effectively no change in fill distribution history, despite the existence of a non-trival
geometry and porosity field. As a result, 5 calibration was relatively simple, providing a value of
B = 9.1 x 10~ m?. This beta value results in the permeability fields used for the simulations shown

in Figures 9b and 9c.
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6.6. Process Validation

In order to confirm the accuracy of our proposed method given scenarios must be compared to
known experimental results. Here we present the two real injection cases, described in Section 6.2,
that are compared to simulations of the scenario using the calibrated S value provided in the previ-
ous section (8 = 9.1 x 1072 m?).

Filling efficiency is calculated for only the simulation domain (Figures 7¢.and 7d). To avoid po-
tential numerical oscillations and to replicate evacuation of air, the pressure difference between the
injection ports and outlet vents were smoothly increased over a period of 6 s, from 0 Pa to its final
value (1 bar). The simulations are considered completed when the simulated injection times reach
the injection duration in the experiments (8 minutes). The simulations show that the Reynolds num-
ber of the flow is always below 1, supporting the use of the Darcy’s law form shown in Equation (1)
for flow modelling.

The results of the simulation are shown in Figure 10. By comparing the fill patterns during simu-
lation as seen in Figures 10a and 10b with the experimental results seen in Figures 10c and 10d, we
obtain the S,.. curve in Figure 10e, which shows simulation accuracies of 73% and 77% for Panels
1 and 2 respectively. Figure 10f shows the fill efficiency evolution against the experimental fill effi-
ciency. The experimental fill efficiency and the final simulated fill efficiency of Panel 1 is 90% and
80%, respectively, and for Panel 2 this is 93% and 87%. The validation results are promising as a
70+% accuracy is reasonable considering there are currently no other predictive methods for assess-
ing injection repair success or failure. It should be noted however, that in order to improve the po-
sitioning of the holes, the absolute or exact filling efficiency values may not be needed, but rather

trends in terms of better or worse configurations of holes.

6.7. Simulation Study Case

In the case presented here we study the impact of intentional hole placement by attempting to
improve the predicted fill efficiency conducted on the Panel 1 validation case through intentional and

informed hole placement. The relevant images for the study are all shown in Figure 11.
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Filling efficiency is a function of the number and location of ports and vents, and by the spatial
distribution of permeabilities and damage zone geometry as these determine the effectivenesses of
flow paths. Because of these factors, unfilled regions can occur if either there is no feasible flow path
to take in order for the resin to infiltrate an area, or the resin flow is too slow to infiltrate. The re-
sistance (the inverse of effectiveness) of such flow paths are some function of the path length, the
permeability along the path and the pressure gradient along the path and thus determine the speed
of infiltration. Due to these dependencies, outlet vents can be less effective if other vents are inter-
posed on or near a flow path used by it, as it reduces the pressure gradient to leading up to the out-
let vent. Furthermore, small passages for resin flow significantly reduces flow effectiveness as large
velocities (caused by constriction) impacts the remaining pressure available for resin flow. Both of
these cases can be observed in Figures 11a, 11c and 11e where despite the apparent proximity of the
bottom-left vent, the resin does not reach the vent in the injection time-frame due to pressure loss.
Similarly, no resin reaches near the left vent as the bottom-left vent is present near flow paths al-
ready in use.

Taking these reasons into account, as well as the damage geometry and the results from the vali-
dation simulation, we change the injection configuration by distributing the outlet vents more evenly
instead of having either group to one side; and move the holes outward or inward such that the pre-
viously unfilled regions is likelier to be filled. The configuration change is indicated in Figure 11g.
The holes in the unfilled regions will be injection ports, and the angular distribution of holes is still
even. The new simulation results are shown in Figures 11b, 11d and 11f.

Upon examining the filling efficiency evolution plot illustrated in Figure 11h, noticeable differ-
ences between the two curves arise which can be explained by studying the images of filling pro-
gression Figures 11a to 11f. In the early stages of the injection process (around 20s, Figures 11a and
11b), we already observe significant differences in the fill ratios of 9.9%. This is due to the fact that
the new configuration has ports (and vents) placed on regions with higher permeability, and also dis-

tributed outlet vents more evenly, allowing for overall higher pressure gradients and thus flow rates,
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accelerating the filling rate.

Approaching the middle stages of injection (100s and onwards, Figures 11c and 11d), the differ-
ence in fill ratios continue to increase to 18.9%, and while the fill ratio of the previous configuration
begins to level off, the newer configuration maintains a high fill rate. This is due to the fact that the
wider distribution, and overall increase in distance between the injection ports and outlet vents from
reconfiguration cause the fill rate to be maintained for longer.

Due to the previous described differences in the original and new hole placements, towards the
end of the injection process (Figures 11e and 11f) there are marked differences in either configura-
tion; the original configuration has a lower fill ratio but the fill rate has not levelled off while the
newer configuration has levelled off completely and also has shows a higher fill ratio. Even if the
original configuration could still reach a similar fill ratio, its sub-optimal placement of holes would
mean that it would happen over a drastically longer time-frame.

Thus, the results show that intelligent placement of holes provides a significant improvement to
the filling process and its effectiveness, as the new configuration indicates a filling ratio of about
98%, compared to the original configuration simulation result (used in validation) of 80%. However,
this result is only the prediction of the simulation, and validating the efficacy of the process using a

given simulation result (rather than vice versa) requires further testing.

7. Key Findings and Conclusions

We have proposed a predictive, simulation-based strategy that aims at improving the reliability
and efficacy of the resin injection repair (RIR) process. The outlined strategy incorporates 2D flow
simulation with available technologies for reconstruction and injection to devise a practical method
for assessing filling efficiencies for a given set of ports and vents. We compared and selected a con-
stitutive equation to use for the model. Then, we validate the model by presenting an encompass-
ing, multi-model problem and analytically solving it. After detailing the steps for reconstruction, the

scanning and constitutive parameters are calibrated and the model is then validated with simulation
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accuracy indices of 70+%. In our view, this proof-of-concept provides significant improvements in
reliability and efficacy and thus leads to a more robust and appealing approach to RIR.

The effectiveness of the methodology has been assessed through the validation cases as well as a
case study, from which we have identified a few key findings. Our study of the constitutive equations
show these equations are similar in structure and thus the distribution of permeability values are
alike; simply selecting one and calibrating parameters to experimental data is accurate enough. In
our approach of calibrating (3, we also observe that variations in 5 do not change the filling distribu-
tion, only scale the time required for an infiltration, making calibration simple.

The verification simulation reinforces the significance of maintaining a low vacuum to injection
pressure ratio as it increases the minimum filling achieved while the validation scenarios simulations
demonstrate the importance of effective resin flow paths. Finally, the analysis of the validation sim-
ulation results and the following case study show us that for RIR to be more effective and improve
cavity filling, the position of ports and vents should be placed based on gathered knowledge. Plac-
ing holes in high permeability areas, and distributing them more widely and evenly enable resin flow
to be faster but careless placement of a vent may render other vents less effective if interposed on or
near a resin flow path. The ability of the method to predict filling efficiencies offers a viable, quanti-
tative and more consistent, alternative to existing intuition-based practices for determining injection

and outlet port configurations.
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